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Abstract

Holography has been used successfully in combination with conventional optics for
the first time in a large cryogenic bubble chamber, the 15-Foot Bubble Chamber
at Fermilab, during a physics run. The innovative system combined the reference
beam with the object beam, illuminating a conical volume of ∼ 1.4 m3. Bubble
tracks from neutrino interactions with a width of ∼ 120 µm have been recorded
with good contrast. The ratio of intensities of the object light to the reference
light striking the film is called the Beam Branching Ratio. We obtained in our
experiment an exceedingly small minimum-observable ratio of (0.54±0.21)×10−7.
The technology has the potential for a wide range of applications.
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1 INTRODUCTION
Since the invention of holography by Dennis Gabor in 1948 [1] the technique has

found a multitude of scientific, industrial, and artistic applications, many of which were
outlined in his Nobel Lecture in 1971 [2]. The invention of the laser as a source of coherent
monochromatic light has allowed the field to expand dramatically owing to the availability
of powerful, high-quality lasers with the choice of pulse duration between nanoseconds up
to pulse-stretched versions of ∼ 100 microseconds and wavelengths spanning the visible
range. From a technical or physics point of view one can distinguish between the recording
of static and of moving objects, and single and double (or even multiple) exposures of the
object on the same film, the latter producing interference images. Most of the techniques
require a large coherence length and mono-mode operation of the laser; others need the
multi-mode performance of gaseous lasers, now also obtainable using solid-state lasers
having many modes. Holograms of three-dimensional objects can be replayed and then
observed from different directions, so that quantitative statements on linear displacements
can be obtained, or that manufacturing defects can become apparent through the observa-
tion of minute deformations. A hologram records a volume in such a way that it removes
the classical limitations of incoherent illumination in its ability to achieve simultaneously
high resolution and large depth of focus. It is thus of importance to apply holographic
techniques to the recording of three-dimensional particle interactions in a large bubble
chamber. A few examples of holography, quoted from Ref. [2], will be reviewed briefly.

(i) “The size of droplets a few micrometers in diameter, which issue from a nozzle
with a velocity of 2 Mach, can only be determined by holographic techniques using
a Q-switched laser with a pulse duration of 20 to 30 ns”. Single exposure of the
hologram is sufficient and gives the desired result.

(ii) Another example of a fast moving object is “a bullet with a train of shock waves
meeting another shock wave: holography produces an impressive interferometric
image [3]. The fringes show the ‘loci’ at which the retardation of light is by integer
wavelengths, relative to the quiet air, before the event. This comparison standard
is obtained by a previous exposure. This is therefore a double exposure hologram”.

(iii) “Holographic images taken of moving objects are washed out. But if double exposure
is used, first with the object at rest, then in vibration, fringes will appear, indicating
the lines where the displacement amounted to multiples of a half wavelength”. Nice
examples are reconstructed holograms from a moving loudspeaker membrane [4], or
the vibrations of the body of a guitar.

(iv) “Small deformations of solid bodies show up in double exposures as Newton fringes.
Waves, frozen in at different times, and which have never seen one another, will be
revived simultaneously, and they interfere with one another, each fringe correspond-
ing to a deformation of a half wavelength. For the study of larger deformations,
two holograms can be taken of the same object, but with two wavelengths. This
produces beats between the two-fringe system, with fringe spacing indicating the
deformations”.[5]

(v) Finally, we should mention the high ‘storage capacity’ of holograms measured in
pixels distributed over a volume compared to conventional photography.

1.1 Holography for bubble chambers
As early as 1963 a proposal was made to apply holography to high-energy physics ap-

paratus [6], then in 1968 some preliminary tests were done [7, 8], and the idea was revived
shortly afterwards in a theoretical paper [9]. Some ten years later the classical Gabor tech-
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nique was applied to record, in small bubble chambers, strings of tiny bubbles produced
during the passage of elementary particles. The feasibility of this high-resolution record-
ing was demonstrated with the 120-cm3 bubble chamber (Berne Infinitesimal Bubble
Chamber — BIBC [10]). The first exposure of a 2000-cm3 chamber (Holographic Bubble
Chamber — HOBC [11]) in a charged-particle beam at CERN for a physics experiment
resulted in 40 000 holograms, which were all replayed and analysed. The information
recorded was the fringe pattern formed by the interference of a reference beam and the
object beam (i.e. the light scattered by a bubble). The objects were gas bubbles with a
refractive index of ∼ 1.0, embedded in the liquid (Freon) with an index of ∼ 1.25. For
these two chambers the requirements on the energy of the laser beam were modest and
allowed the use of Q-switched pulses of several tens of nanoseconds’ duration.

However, none of the techniques described above could be applied without consider-
able modifications to the holography of bubble tracks in large bubble chambers. A 1.2-m3

Tohoku–MIT bubble Chamber [12] was designed from the start as a holographic chamber.
It used a two-beam technique where the reference beam did not pass through the liquid
to be holographed. Illumination with a time-expanded Q-switched laser pulse (∼ 1.5 J)
was required to avoid unwanted heating effects from high-peak power.

Another holographic bubble chamber (GINES [13]), under design at the Russian
accelerator centre in Serpukhov, is similar in geometrical design to the Tohoku–MIT
chamber and may use partially coherent multi-mode laser illumination [14].

1.2 Holography of a very large bubble chamber
For experiment E–632 the 15-Foot Bubble Chamber (33 m3) at Fermilab was filled

with a 62/38 mol% Ne/H2 mixture having a refractive index of only 1.088. One of the
aims of this experiment was to search for short-lived particle decays arising from neutrino
interactions. This required the recording of tracks with higher resolution and over a much
larger depth of focus than was possible with conventional optics. For the illumination of
∼ 100-µm bubble tracks in two cubic metres at least 6 J of energy, the maximum available
from the pulse-stretched laser, was needed. As had been shown during previous tests in
the Big European Bubble Chamber (BEBC) at CERN [15, 16], a Q-switched pulse could
not be used, since the instantaneous power at the relatively small entrance port for the
light into the chamber liquid would be too high, producing immediate excessive heating
of the liquid in the vicinity of the port, followed by boiling. A solution to this problem
was to expand the laser pulse over a longer time with constant power, thus reducing
the instantaneous power. The technically easiest solution, namely using standard free-
lasing pulses of ∼ 1-ms duration, would avoid the unwanted heating effect, but had to be
discarded because of bubble chamber dynamics. The growth of bubbles, their movement
due to buoyancy forces, and the vibration of the entire installation during this 1-ms pulse
duration caused the interference pattern between reference and object beam to be washed
out. Double exposure of the same tracks is no solution for circumventing the smearing.
The challenge was to look for an intermediate pulse duration to satisfy simultaneously
the requirements for good quality holograms and negligible heating of the liquid. The
reference and object beams had to be produced in a new way.

In the present paper we investigate the conditions that give the best-quality holo-
grams for the recording of tiny vapour bubbles in the cryogenic liquid fill of the 15-Foot
Bubble Chamber. A detailed description of the set-up, its operation, and the analysis of
holograms is given in Ref. [17]. In Section 2 we describe briefly the experimental set-up
(more details have been given in [18]); in Section 3 the conditions for data-taking; in Sec-
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tion 4 the selection of the holograms for the analysis and the method of measuring bubble
sizes in various illumination systems (bright-field, dark-field holograms); and finally in
Section 5 there is a critical discussion of the intensity ratio object-to-reference beam,
henceforth referred to as the Beam Branching Ratio (BBR). In our specific application
the choice of this ratio is restricted by a variety of conditions. The BBR needed to illumi-
nate bubble tracks in a large volume with good contrast has not yet been studied in any
of the other bubble chambers, and the knowledge of the ‘minimum-observable BBR’ in
particular may become of interest for applications outside the field of high-energy physics.

2 EXPERIMENTAL ARRANGEMENT
The 15-Foot Bubble Chamber was built in the early seventies and is equipped with

six optic ports at the top [19]. A wide-angle lens, surrounded by an annular flash tube,
and camera are installed inside each of the six hemispherical windows (Maxwell fish-
eyes). Each light source illuminates the liquid through reflection from the inner surface
of the chamber vessel, which is wall-papered with a retrodirective material (Scotchlite©R,
3M Company). The light is reflected back to the entrance pupil of its respective lens. If
vapour bubbles are present they act as scattering objects and this part of the reflected light
does not reach the lens, i.e. the film is not sensitized in that particular region. This type
of bright-field illumination is described in detail elsewhere [20]. The diffraction-limited
resolution of the standard lenses is ∼ 500 µm in the mid plane of the chamber (beam
plane), giving a depth of focus of ∼ ±1 m, although more of the volume is generally used.
Each camera sees ∼ 28 m3 out of the total chamber volume of 33 m3, but interactions are
accepted for physics analysis only if their vertex is inside a restricted ‘fiducial volume’ of
∼ 12 m3. Simultaneous photographs are taken during the sensitive period of the bubble
chamber and analysed later to reconstruct the bubble tracks in space. During the physics
run one optic port was equipped with a special lens having a larger aperture. Its flash
was fired earlier, when the bubbles were still small, so that a resolution of ∼ 200 µm was
obtained, but at the expense of a depth of field reduced to about 0.2 m, corresponding to
a volume of ∼ 0.5 m3. Information from this camera was used for special investigations,
but not for stereo reconstruction of events.

The choices for the layout of holography for the 15-Foot Bubble Chamber were
limited. The design we have chosen was imposed by the above geometry, the parameters
outlined in Section 1, and by some additional requirements to be discussed later. Our
layout has already been described in detail [18]. Therefore, we can limit ourselves here to
a fairly brief description.

We decided to illuminate the chamber with the laser light from near the bottom
of the chamber, following the suggestion of Charles Baltay (Columbia University), and
selected an optic port opposite to the beam entrance to be the holographic camera [19]
(Fig. 1). A simplified scheme of the set-up is shown in Fig. 2. It introduces the geometrical
parameters di, dh, α,Θi and Θh. The distance between the diverging lens and the bubble is
denoted by di; the distance between the film plane and the bubble by dh; the illumination
angle Θi represents the angle between the holographic axis and the line connecting the
bubble with the centre of the dispersing lens, Θh denotes the angle between the holographic
axis and the line connecting the bubble with the centre of the holographic film plane, and
α is called the scattering angle, which is between the dispersing-lens-to-bubble direction
and the bubble-to-film direction. The object light waves are scattered by the bubbles
(which make up the particle tracks). The intensity of light at the film scattered at an
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angle α by a spherical bubble [21] is:

I0 =
Iir

2 ·G(α) · cos Θh

d2
h

, (1)

with Ii the light intensity hitting the bubble, r the radius of the bubble and Θh the tilt of
the film plane with respect to the object beam; G(α) is called the scattering function. The
function depends on the refractive index of the liquid surrounding the vapour bubble.G(α)
can be calculated numerically and is displayed in Fig. 3 for bubbles in the Ne/H2 mixture
with a refractive index of 1.088 [21]. It is a rapidly decreasing function of the scattering
angle α. In order to holograph bubbles at larger angles, this rapidly decreasing function
must be compensated by higher illumination intensities Ii to keep the light intensity I0

from the bubbles at the film plane approximately constant. Therefore the laser light is
spread out non-uniformly at the entrance of the bubble chamber. This requires a non-
spherical diverging lens.

Figure 1: 15-Foot Bubble Chamber: side view.

Bubble

Film
Diverging lens

di

dh

Ii

θi θh

α

Figure 2: The holographic set-up (schematic).
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Figure 3: Light scattering function G(a) for bubbles in a 62/38 mol % Ne/H2 mixture as
a function of the scattering angle α. The dashed line gives the cut used during scanning.

The film is placed in the centre of the fish-eye window perpendicular to the reference
beam direction within 1◦. Furthermore, the light output distribution from the dispersing
lens is described by a function F (Θi), being the illumination intensity distribution per solid
angle. Then the illumination light intensity hitting the bubble is given by Ii = F (Θi)/d

2
i .

The Beam Branching Ratio can thus be expressed as:

BBR =
I0

〈Ir〉 =
F (Θi)r

2G(α) cos Θh

〈Ir〉d2
i d

2
h

(2)

with 〈Ir〉 the reference beam intensity and the fringe visibility V , derived from theory,
takes the form:

V = 2
√
BBR cos Θ , (3)

with Θ the angle between the directions of polarization of the reference and object beams.
We define the BBR′ as the actual Beam Branching Ratio needed, when noise light

intensity k times the reference beam is introduced, to get the same fringe modulation as
was obtained without noise:

BBR′ = BBR(1 + k)2 ; (4)

thus the presence of noise requires a higher BBR to obtain the same fringe modulation.
In case of noise intensity equal to reference beam intensity, a four times higher BBR is
needed.

The visibility V of the interference fringes is critically dependent on the design of
the dispersing lens, as seen from these formulae. Indeed, the light output distribution
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F (Θi) is entirely determined by the shape of the lens and the spatial distribution of the
input laser beam. The BBR depends also upon the bubble diameter squared. We had to
aim at diameters small enough to keep the confusion region near the production vertex
as small as possible for efficient detection of short-lived particle decays. The reference
intensity 〈Ir〉 is the other non-geometrical factor, but this also leaves little flexibility for
adjustment.

We used a commercially available, powerful holographic ruby laser (JK 2000, Lu-
monics Inc.), for which we developed a pulse stretching circuit [22]. The laser was installed
in an air-conditioned clean room. An optical relay system was used to transport the beam
29 m, mostly in vacuum, to the bottom of the bubble chamber [18]. Its quality (light pulse
energy, its width and shape, and the spatial intensity distribution) was monitored before
entrance into the chamber liquid [23].

The beam entrance window was made as an aspheric light-dispersing lens, which
acts as a sophisticated beam splitter. Only the small axial part of the light serves as the
reference beam and exposes completely the 70-mm film format, hitting the film perpen-
dicularly within 1◦. The rest of the beam illuminates the tracks within a conical volume
having a half-angle of 30◦. The intensity of this illumination beam is designed to increase
at large angles to partially compensate for the decrease of the light scattered by the
bubbles at these angles [18]. The holographic volume overlaps the conventional fiducial
volume.

During data-taking the bubble chamber has to be synchronized with the particle
pulses from the accelerator. The timing is adjusted so that beam particles arrive near the
pressure-minimum of the expansion curve, and provides appropriate delays before illumi-
nating the tracks for holography, the high-resolution and the four conventional cameras.
The growth of bubble diameter follows a square root of time law. The three delays were
chosen as 1 ms, 1.5 ms and 10 ms. The chamber operating conditions were adjusted so
that good visibility of tracks for these delays was obtained. The duration of the beam spill
from the accelerator is of the order of a couple of milliseconds, during which billions of
neutrinos pass through the chamber liquid. An interaction of one (or two) of these neutri-
nos can occur any time during this interval. Precise timing of these interactions is needed
in order to adjust the critical delay for taking the hologram, whereas the relatively small
change for the standard optics is less significant for the quality of the track photos. The
interaction time is measured online from two types of electronic detectors downstream of
the chamber.

The replayed hologram of particle tracks gives three-dimensional information. How-
ever, to find an event vertex using the hologram alone would require an extremely time-
consuming focusing search over the entire depth of field, which is almost 4 m. Therefore,
the spatial co-ordinates of vertices expected to lie in the holographic volume are first mea-
sured on the conventional pictures, and then the computer-controlled replay machines
(Hawaii replay machine [24], HOLRED [25], Fermilab replay machine [26], HAM [27])
are provided with this geometry information, substantially accelerating the search for the
position in space. The replay gives either a real image using a time-reversed illumination
[24, 25, 27] or a virtual image with a time-forward illumination [26].

3 DATA-TAKING
The E-632 experiment was subdivided into two run periods, interleaved by tests

of the holographic set-up in the empty, warm chamber. The first part of the run in
1985 could be considered as a learning process during which many technical problems
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were uncovered and analysed in detail [28], [29]. The resulting modifications led to the
successful final run. The warm tests revealed that, during the first run, multiple-reflected
illumination beam laser light was reaching the film and overwhelming the reference beam
[see Eq. (4)]. Several hundred light-absorbing baffles were installed according to detailed
light-pass calculations, thus preventing stray light from reaching the holographic film
via multiple reflections. During the second part of the physics run in 1987/88, 293 060
conventional 3-view pictures and ∼ 218 000 holograms, of which ∼ 110 000 are useful for
physics analysis, were recorded simultaneously. We discuss in detail only this part of the
experiment and make ample reference to previous publications.

In spite of many improvements to the system, holograms still differed in quality ow-
ing to various changes in the operating conditions of the chamber, the laser performance,
or film development. For the present analysis we use 656 holograms that contain a visible
neutrino-induced event.

3.1 The chamber operation
The bubble chamber was filled with a 62/38 mol % Ne/H2 mixture. This ratio

was kept stable during the run to better than ±1%. The operating temperature of the
chamber was 29.6 ± 0.1 K and the temperature gradient from bottom to top was kept
smaller than 0.1 K. The usual expansion ratio of 0.4%, i.e. change of volume to total
liquid volume, could be varied by changing the piston stroke to make minor adjustments
to the desired bubble densities and growth rates of bubbles. The latter variations control
the degree of superheat and probably have the largest effect on the quality of holograms
as far as the chamber operation itself is concerned. The duration of the expansion cycle
was approximately 80 ms.

3.2 The neutrino beam
The Fermilab Tevatron delivered three spills separated by 10 s followed by a 40-

s pause per each accelerator cycle of 60 s to the bubble chamber. Each neutrino pulse
had an approximately Gaussian intensity distribution versus time with a base width of
∼ 3 ms. This pulse was injected during the expansion of the chamber liquid at or slightly
before the pressure minimum. The neutrino beam was spread geometrically over the entire
chamber, falling off to the sides and having a ±0.5 m fwhm.

3.3 The laser performance
The high-power pulsed ruby laser with a wavelength of 694 nm (JK 2000, Lumonics

Inc.) is described in Refs. [17, 30], and the latest version of the pulse stretching circuit
in Ref. [22]. The monitoring of the spatial shape and position of the laser beam at the
chamber entrance port is discussed in Ref. [23]. The pulse-to-pulse variation of output
averages 10%, which is typical for pulsed lasers. The pulse duration was chosen to be
between 4 and 7.5 µs, with an average pulse width variation ≤ 1%. More difficult to
control was the flatness of the pulse, which showed modulations of 30%. These quantities
were recorded on a pulse-by-pulse base by the bubble chamber computer together with
the timing of the events (see 3.8).

3.4 Optical filters
A red colour filter (RG 665) was installed in front of the holographic film as well

as filters with a complementary colour (BG 39) in front of the conventional camera flash-
tubes in the other ports. These filters prevented the flash-tube light from exposing the
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holographic film. Exposure of the conventional film by laser light was not a problem at
the present energy level, due to the high f number of the conventional lenses (f/12), the
presence of a Wratten 58 colour filter in each lens, and the low sensitivity of the Kodak
2482 film to the deep red ruby laser light. Four fast photodiodes were mounted on the
platen next to the holographic film to monitor the reference beam intensity.

3.5 The laser beam profile
The oscillator stage of the JK 2000 laser produced a TEM00 output (Gaussian

beam profile), which then passed through three amplifiers, the lenses of an optical relay
system, and was reflected by several mirrors, to arrive at the dispersing lens. There, the
spatial beam profile should ideally be flat, since this lens was designed for such an input.
A reconstructed profile, covering the 5-cm diameter of the dispersing lens entrance, is
shown in Fig. 4, see also Ref. [23]. Apart from the somewhat spotty character, the typical
variation of intensity across the beam profile corresponded to around ∼ 20% of the mean
value.

Figure 4: Example of an off-line reconstruction of the laser beam profile. Dimensions are
given in cm.

3.6 Design of the dispersing lens
A detailed description of the two-element dispersing lens is given in Ref. [18] (Fig. 5).

The design was governed by the requirements to avoid excessive heating of the liquid and
to illuminate the maximum possible with a good quality laser beam. The design values of
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the illumination intensity F (Θi) per solid angle as function of the illumination angle Θi is
shown in Fig. 6. The lens shape was optimized for a BBR = 0.33× 10−7 (see Section 5).

The fringe visibility and the exposure level determine whether objects can be de-
tected at the reconstruction stage. If it is assumed that bubbles with a fringe visibility V
(Eq. 3) larger than a certain minimum fringe visibility Vmin can be seen, the visible holo-
graphic volume can be calculated. The visible holographic volume is expected to depend
only upon the BBR. The result of a theoretical calculation showing the expected visible
volume versus the minimum detected beam branching ratio BBRmin is given in Fig. 7.
It shows that the visible volume had been optimized for a BBRmin = 0.33 × 10−7. The
corresponding holographic volume is 4.7 m3. The actual distribution of the light during
the exposure of the chamber is not well known.

Figure 5: Drawing of the two-element dispersing lens.
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Figure 6: The illumination intensity distribution F (Θi) per solid angle as a function of
the illumination angle Θi.

Figure 7: The visible holographic volume versus the minimum-detectable beam branching
ratio BBRmin.
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3.7 Heating effects of the liquid
The two-element dispersing lens was designed so as to spread the laser beam geo-

metrically at its entrance into the liquid to reduce its energy density per unit area. The
aim of the pulse stretching was to distribute the instantaneous power over a long time
interval. By these means we suppressed (almost) completely macroscopic boiling within
the bulk of the liquid, which would have affected adversely the quality of the conventional
pictures. However, we were less effective in the prevention of microscopic boiling close to
the laser beam entrance into the liquid. This microscopic boiling is initiated by the laser
pulse itself and affects the holograms. Its presence became evident from comparison of the
time structure of the laser pulse before the entrance into the chamber with its structure
at the film plane (Fig. 8). Any difference between the two slopes of light intensity versus
time was an indication for the presence of either a heated layer of liquid or microscopic
bubbles near the lens surface. Owing to scattering from growing micro-bubbles, more light
from the object beam reaches the holographic film and increases its exposure in a non-
controllable way. This boiling destroys the point-source feature of the reference beam, and
thus deteriorates the quality of the hologram.

Figure 8: Oscilloscope picture of light intensities (arbitrary units) of a laser pulse versus
time. Upper trace: measured downstream of the laser amplifier. Lower trace: measured by
means of the photodiodes on the holographic film platen. Horizontal scale: 0.5 µs/div.

3.8 Timing of the holograms
The radii of bubbles in the liquid grow according to a square root of time law. For

a chosen liquid temperature and expansion ratio this growth rate and the bubble density
are fixed. We aimed at an operating condition such that bubbles attain a diameter of
≤ 120 µm in space at 1 ms after their creation, and also are compatible with sufficient track
quality (visibility) for the conventional cameras. To be able to obtain this size consistently
during the hologramming we need to know the interaction time of the neutrino. A trigger
logic was developed using the External Muon Identifier (EMI, [31]) and the Internal
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Picket Fence (IPF, [32]) to signal the occurrence of a neutrino event with a precision of
1 µs. This trigger was then used to initiate the laser firing sequence. If no event trigger
occurred during the first 1.3 ms (1.7 ms during the second part of the run in 1987/88)
of the spill, a default trigger was generated. Holograms were taken 1 ms after this event
trigger.

3.9 Bubble movement, growth, and vibrations
Vibrations and any movements of bubbles due to turbulence in the liquid and/or

buoyancy effects, as well as the change in size during the laser pulse diminish the quality
of the hologram, as has been discussed in Ref. [18]. A compromise had to be found to
minimize the boiling effect by lengthening the pulse and to keep the displacement of
bubbles sufficiently small by using an appropriate short pulse. We selected laser pulse
duration of 4–7.5 µs at an energy level of 6 J.

3.10 The magnetic field
Linearly polarized light is subject to the Faraday effect when it passes through a

magnetic field. Assuming the Verdet constant to be similar in liquid hydrogen and liquid
neon/hydrogen (∼ 5×103 min/T·cm), we expect that, in the field of the 15-Foot Chamber
of 3 T and a path length of the light of some 400 cm in the liquid and 9.0 cm in glass and
quartz, the polarization would be rotated by about three complete revolutions. However,
the rotations depend on B × ` (` is the path) and both the reference beam and the
scattered beam have, to a good approximation, the same B× `.

3.11 Holographic film development
An upper limit for the laser energy available to expose the AGFA-GEVAERT

holotest film 10E75 was given by the admissible heating of the bubble chamber liquid
and by the performance of the pulse-stretched laser. The sensitivity of the film had to
be augmented by adding phenidon to the KODAK D19b developer, which did not visibly
degrade its resolution. We were obliged to use a fairly low density of 0.6, just 0.4 over
the fog density. This low exposure meant a loss of resolution, since we could observe with
reasonable contrast only bubbles with∼ 120 µm diameter instead of the theoretically pos-
sible 70 µm. We did not bleach the holograms, which could have resulted in a somewhat
improved resolution.

3.12 Holographic replay
After their recording the holograms have to be replayed for physics analysis. Virtual-

and real-image replay machines were built in our collaboration for the present experiment.
Their designs and performances are described in detail in Refs. [24]–[27]. Essential for the
quality of the replay machines are the alignment of the optical elements and sufficient
light intensity. The wavelength of the laser for the replay should be ideally the same as
the ruby light (λ = 694 nm). Dye lasers were used for HOLRED and the Hawaii replay
machine, a Kr+ ion laser for Rutgers HAM (λ = 647 nm), and a continuous neon/helium
laser (λ = 633 nm) for Fermilab during replay. A Vidicon camera or photographic film
with high resolution were placed as detectors in the image plane.

4 ANALYSIS OF PHOTOGRAPHS
The primary aim of the holographic part of the experiment is to investigate the

production and decay of short-lived particles, i.e. to search for short decay lengths near
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the neutrino interaction. First, the conventional film is scanned and the positions of all
neutrino event vertices are measured and recorded. Next, the position in holography replay
space is calculated for those events in the cone illuminated by the laser beam. Finally,
only the holograms for these events are examined in detail, by making a systematic search
starting at the calculated position of the vertex. Some of these events are not found in the
hologram, for which there may be a variety of reasons, such as the failure of equipment
or maladjustment of one or more of the parameters discussed in the previous section.

Entire rolls (a roll has ∼ 1000 frames) are discarded from further analysis when:
1) during the pre-scanning films were judged to have insufficient holographic quality,

i.e. even cosmic ray tracks or reflections from the dispersing lens were poorly visible,
mostly due to micro-boiling;

2) the holographic film was incorrectly developed;
3) the holographic film was over- or underexposed (average density < 0.5 or > 1.2);

and individual frames with events were obviously not counted when
4) the laser did not fire.

This procedure reduced the total number of frames to be investigated in detail
from 218 000 to 110 000. The latter were then further subdivided into good and fair rolls
according to more subjective criteria.

The co-ordinate system for conventional photographs has its origin in the centre of
the bubble chamber, see Fig. 1. The holographic co-ordinate system is inclined and has
its z-axis pointing from the holographic camera to the dispersing lens, with zholo = 0 at
the film plane. An algorithm was developed for the co-ordinate transformation.

The analysis of the 110 000 good and fair holograms continued along the follow-
ing lines: All events from the conventional film, having their vertex co-ordinate in the
illumination cone of the laser with the half-angle of 30◦ and scattering angles α < 40◦

and found in the hologram, were plotted in the holographic co-ordinate system as ‘seen’
events. The positions of the ‘unseen’ events were also registered. Figure 9 shows as an
example the distribution of seen and unseen events (one holographic roll) in a scatter plot
of the holographic z-axis versus illumination angle.

Reasons for not seeing an event in the hologram are manifold. The most obvious one
is that the event is too close to the reference beam, so that a replay suffers from excessive
light intensity in this direction. We therefore exclude from further analysis a cone with
an half-angle of 1◦ from the laser axis. This corresponds to a loss of 0.05 m3 in volume.
Various other causes may contribute to the non-visibility of events:

a) the laser pulse came too early, when the bubbles did not yet have the minimum size
to make them visible holographically;

b) the Beam Branching Ratio (BBR) was too low;
c) there was too much boiling on the dispersing lens;
d) the bubble chamber conditions (temperature, expansion ratio) resulted in a too

small bubble growth rate and/or density.
We have to arrive at a clean sample of events to get the desired information on the
BBR. Therefore, we have to discard all events that do not have the correct timing
(a). That is done with the information from the electronic counters surrounding the
bubble chamber. It explains some non-visible events. It also helps to eliminate the
seen events having very fat tracks, i.e. when the laser pulse came too late.
The next step in the analysis has to take into account the combination of effects
(b) and (c). This helps to explain the non-visibility of other events. A check of
the bubble chamber operating conditions follows. The difficult and most interesting
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part of the analysis is then the study of the scattering angle, combined with the
illumination intensity at the place of the event vertex, which will lead us to find
‘the minimum-detectable BBR’. The factor k in Eq. (4) was considerably reduced
between the two run periods, but its absolute value for the second period under
operating conditions could not be determined.

Figure 9: Scatter plot of seen and unseen events (one holographic roll): holographic z-
axis versus illumination angle; z is the distance from the film, measured along the line
connecting film and lens.

4.1 The bubble size
Knowledge of actual bubble size when the hologram is taken is critical in determin-

ing the BBR [see Eq. (2)]. There are several approaches to determine the actual bubble
size when the hologram is taken.

One approach is based entirely on the theory of bubble formation and growth, where
the diameters can be calculated as a function of growth time, provided all thermodynamic
data for the operating conditions of the bubble chamber are well known. The theory has
been tested in various pure liquids [33]–[37]. Unfortunately, the relevant thermodynamic
data for our specific Ne/H2 mixture are not known with sufficient accuracy. Therefore we
have to rely on various kinds of measurements.

Selected experimental results are available for some mixture ratios from a smaller
bubble chamber [34], but not for the specific mixture used in our experiment. Of particular
interest are measurements in two mixture ratios, one with slightly lower, the other with
somewhat higher neon content. They provide guidance for what we should expect for our
mixture ratio.

We are constrained to use the square-root-of-time dependence for bubble growth
together with the measured image sizes on the pictures taken with the conventional cam-
eras and the high-resolution camera, and to extrapolate to the time when the hologram
is taken. Beam injection time gives us the origin (creation of the bubble), and the short
and long delays for the high-resolution and the conventional pictures, respectively, give
additional points to define the curve. The short delay for the hologram is known and
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the corresponding bubble size should be on the curve(s). The diffraction limit of the two
conventional optics will, however, make this analysis more difficult, as will be discussed
later on.

The bubbles are transparent objects, having a steep temperature gradient in the
liquid close to the vapour surface that produces a change of the refractive index. There-
fore, bubbles can act as lenses, so it is difficult to know their actual size [36]. The general
consensus is to define the size of a bubble as the full width at half-maximum of the im-
age on the film and to scale this quantity with the demagnification factor of the optical
arrangement. A less used technique is to estimate bubble diameters by contrast measure-
ments.

We aimed during our neutrino experiment at the highest possible bubble density
in order to get optimum information about possible small kinks along the tracks. This
density decreases with time due to the coalescence of growing bubbles. Individual bubbles
are optically almost non-separable from each other at any of our time delays.

Other difficulties in the determination of the size originate from the recording ma-
terial, its grain size, exposure intensity, and development of the exposed film. Whereas
fwhm values of the apparent bubble size are largely independent of exposure intensity in
bright-field illumination [38, 39], recording in dark-field illumination depends heavily on
the intensity and the subsequent photographic development. The latter problem needs
special attention when measurements of bubbles sizes are made on holograms, which have
to be replayed and recorded on film. The speckle in holograms diminishes the contour of
the bubble image. We return to this problem in more detail below.

Geometric factors can cause asymmetric bubble images. Non-normal illumination
of the film can cause half-moon-shaped images ([36], Fig. 10) or variable size aspheric
bubble images.

Figure 10: Photos of tracks taken with different flash delays in a propane bubble chamber
with a 1 : 1 magnification optics: (a) a track at a flash delay of 50 µs and of 200 µs; (b)
a track at a flash delay of 200 µs and of 500 µs.
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In spite of the many sources of uncertainty, measurements on the same track (ideally
the same bubble) from the standard and high-resolution optics can provide an estimate
of the bubble size when the hologram is taken. The description of three experimental
procedures follows.

4.1.1 Bubble size from track width
Measurements of bubble size were made with a microdensitometer directly on the

bubble chamber film. To compare these bubble sizes each result must be corrected by
using the appropriate magnification factor. The demagnification at the intersection of the
optical axis with the mid-plane of the bubble chamber film to chamber space is∼ 1/55 for
standard cameras and 1/15 for the high-resolution camera. The optical axes are inclined
and intersect the mid-plane at different points. We used an Automatic Recording Mi-
crodensitometer (Joyce Loebl, MK3CS). Its main properties are exchangeable, calibrated
density wedges (providing information about density differences), filters of known densi-
ties for absolute calibration, adjustable slit width and height, and speed of the table on
which the film is attached. We adapted these parameters to our track and background
(fog) densities and the expected ‘bubble size’.

The slit was either (a) perpendicular to the track and moved along it, or (b) parallel
to the track and moved across it. Both movements have inherent error sources and tend
to overestimate the size of an individual bubble. In case (a), owing to the high density
of bubbles along the track, most of them had (partially) grown together at the instant
of recording, so that the background level in the gaps between bubbles is difficult to
determine. In case (b) small δ-electrons or small jitters of bubbles along the straight
trajectory of the particle widen the track. Furthermore, the (slight) curvature, present in
even small track segments does not allow for a perfect parallel alignment of track and slit.

For our analysis we selected a neutrino interaction (roll 2346, frame 737), which was
clearly visible in all conventional views, in the high-resolution view, and on the hologram.
It also had the correct timing for the hologram (EMI information). The vertex occurred
close to the mid-plane and centre (x = 15.78 cm, y = −12.27 cm, z = 8.93 cm) of the
bubble chamber, so that the standard optics and the high-resolution camera recorded it in
best focus. Tracks remain mainly in a horizontal plane. The plane of best focus is curved,
so tracks down- or upstream widen due to defocusing. Figures 11(a), 11(b), and 11(c) show
the corresponding photographs. We studied (i) a track emerging almost perpendicular to
the beam direction close to the vertex of the event, (ii) the two branches of a close-in
strange particle (Vee-vertex : x = 18.16 cm, y = −11.35 cm, z = 9.21 cm), as indicated in
Fig. 11(d), and (iii) the muon track from the event vertex far downstream. The choice of
these tracks and distance from the neutrino vertex was dictated by the technical feasibility
of measuring individual tracks with the microdensitometer slit in both the parallel and
perpendicular directions to the tracks without interference from neighbouring tracks.

The selection of track sections for the measurement is also constrained by the holo-
graphic replay. Bubble tracks from neutrino interactions can be replayed in best focus
only over a small section before running out of focus. Since we are mainly interested in
the decay of short-lived particles, which occur close to the interaction vertex, we selected
track segments close to the vertex or near the origin of the strange-particle decay. This
gave us the advantage of identifying the same track segments (almost the same sequence
of bubbles) on the conventional and high-resolution film.

Bubble densities depend upon the kinetic energy divided by the rest mass of the
particle. These densities are high for slow particles, passing with increasing energy through
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a minimum and showing afterwards a relativistic rise (see e.g. Ref. [37]). For slow particles,
therefore, more bubbles have the chance to grow together and the track size appears to
be larger. We made some calibration measurements on a stopping proton, which was the
easiest track to measure since it was almost perpendicular to the neutrino beam and to
the ∼ 20 tracks going in the forward direction.

a) b)

c)

p

p

π

µ

Λ

Vertex d)

Figure 11: Photographs of a high-energy neutrino event: (a) photo taken with one of the
standard optics (view 6); (b) photo taken with high-resolution optics; (c) hologram replay
using exposure 1 Fig. 12; (d) schematic drawing of the parts of tracks measured with a
densitometer.
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The replayed hologram was investigated from photographs taken with the Fermilab
replay facility with four different exposure times [Figs. 12 (exposures 1–4)]. The demagni-
fication factor of the photos of replayed holograms (Figs. 12) to real space was determined
from the event vertex distance to Vee-vertex to be 4.9. The paper print [Fig. 11(c)] of
photo 12 (exposure 1) gives visually the best resolution and its quality would be preferred
during physics analysis of the interaction. We measured the same track segment at all four
holographic replay exposures and found the best reproducible results with the smallest er-
ror bars on the track widths from photo 12 (exposure 2). With the exception of the lowest
exposure [Fig. 12 (exposure 1)], increasing optical density did not significantly increase
the measured bubble size (Table 1). Applying the magnification factor film-to-chamber,
this corresponds to 105± 24, 213± 45, 181± 16, 224± 117 µm bubble diameters.

Exposure 1 2 3 4

Figure 12: Photographs of the replayed hologram using different exposure times.

Table 1: Measurements on film on three sections of the stopping proton on
four different replay exposures of the hologram.
Values in brackets are sizes in chamber space

Distance Exposure 1 Exposure 2 Exposure 3 Exposure 4 Average
from vertex track width track width track width track width track width
(mm) (µm) (µm) (µm) (µm) (µm)
0.21 53 113 130 67 91± 30
0.94 87 117 97 240 137± 60
1.56 57 173 107 117 113± 41

66± 15 134± 28 114± 10 141± 73
(105± 24) (213± 45) (181± 16) (224± 117)

The width of the image of this stopping proton was measured in the high-resolution
view (HRC), and two conventional views (CC) close to the vertex, and on a track segment
near its stop. The increase of the ionization density is seen, as well as the effect of its
large dip angle (30◦). The determination of fwhm depends upon the determination of
background level and is particularly sensitive in holograms (speckle). Results of these
measurements, including those of lower background assumption for the holograms (not
given in Table 1) are shown in Fig. 13. This is an upper limit for bubble size, as confirmed
by the other two analysis techniques to be discussed below.

The main emphasis of the analysis was on the measurement of track size (and
where possible bubble density) of the pion and proton from a strange-particle decay and
the muon of the charged-current event. The measurements of the inner branch of the Vee
from the standard camera, the high-resolution, and the hologram are shown in Figs. 14(a),
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14(b), and 14(c), respectively. The muon from this charged-current interaction could be
measured far downstream [Figs. 15(a) and 15(b)]. An ‘early’ muon happened to be on
the same photograph. Its arrival time is 1 ms earlier than the neutrino interaction, and it
had therefore more time for the bubbles to grow. It was also visible on the film from the
high-resolution camera [Figs. 16(a) and 16(b)].
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Figure 13: Results from track-width measurements on the proton: hologram (1 ms delay):
× mean background (see Table 1), · extremely low background; high-resolution camera
(delay 1.5 ms); conventional cameras #4 and #6 (delay 10 ms). The solid line is the√
t-dependence using the measured diameter at 10 ms to guide the eye.

Measurements near the entrance and exit points of the early muon show an increase
in width, which can be explained by the track leaving the region of best focus.

Results of measurement of track widths (fwhm) from CC and HRC, taken in bright-
field illumination, are summarized in Tables 2 and 3 (first 3 columns). Errors on the bot-
tom of the columns are statistical only. Systematic errors will be estimated later together
for all three measuring methods.

In Fig. 17 bubble diameters as function of growth time are presented, including
those from the hologram. As a guidance to the eye the square root of time dependence is
shown, based on the value of the mean track diameters at 10 ms (muon, proton and the
two branches of the Vee).
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a)

b)

c)

Figure 14: Measurements with microdensitometer on inner branch of Vee particle (pion).
Half-widths given in the curves are those measured on the film. Slit parallel to the track,
slit width 20 µm. Density wedge: 0.056 D/cm. Event time = laser time = 1.664 ms.
(a) Conventional camera, view #6. Slit height: upper trace 500 µm, lower trace 250 µm;
(b) high-resolution camera. Slit height: upper trace 60 µm, middle trace 125 µm, lower
trace 250 µm; (c) hologram, Fig. 12. Slit height: upper trace 250 µm, middle trace 375 µm,
lower trace 500 µm.
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Figure 15: Measurement on high-energy muon from primary vertex far downstream. (a)
conventional camera, view #6; (b) high-resolution camera.
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a)

16 µm

D=1.5

1.0
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0
b)

Figure 16: Measurement with microdensitometer on film, slit parallel to track, on ‘early’
muon that occurred 1.089 ms before the event, beam track time 0.988 ms (coordinates at
beginning x = −161 cm, y = 38 cm, z = +26 cm, at end of track x = 175 cm, y = 21 cm,
z = +24 cm). (a) High-resolution camera: far downstream. Slit height from top to bottom
125, 250, 500, 750 µm; (b) conventional camera.
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Figure 17: Summary of results of measured track width, plotted versus growth time [15]–
[17]. HO: hologram, HRC: high-resolution camera, CC: conventional camera.

Mainly for the purpose of optic calibration, two wires (300 and 500 µm thick) were
installed horizontally in the mid-plane of the bubble chamber. They were also used for
comparison with bubble size during adjustment of the thermodynamic chamber condi-
tions. They were measured in the CC and HRC views (Table 4). Any comparison of wires
with track measurements must take into consideration that they are non-transparent ob-
jects and that they also reflect light.

23



Table 2: Measurements of track width
Method fwhm fwhm fwhm Contrast Contrast Contrast
Camera CC #4 CC #6 HRC CC #4 CC #6 HRC
Growth time 10 ms 10 ms 1.5 ms 10 ms 10 ms 1.5 ms
Proton
@ vertex 560 µm 600 µm 220 µm 340 µm 340 µm 90 µm
@ stop 630 µm 610 µm 300 µm 340 µm 360 µm 75 µm
Vee
π @ vertex — 590 µm 200 µm — 310 µm 85 µm
p @ vertex — 500 µm 220 µm — 290 µm 75 µm
µ from neutrino interaction
downstream 580 µm 670 µm 290 µm 280 µm 360 µm 85 µm

590± 29 µm 595± 56 µm 246± 41 µm 320± 28 µm 332± 28 µm 82± 6 µm
Φ(CC)/Φ(HR) CC #4/HRC(fwhm) = 2.40, CC #6/HRC(fwhm) = 2.42, CC #4/HRC(Cont.) = 3.95, CC #6/HRC(Cont.) = 4.05√

t(CC)/t(HR) = 2.58, expected theoretically
Φ(fwhm)/Φ(Contrast) CC (10 ms) = 1.8± 0.3 HRC (1.5 ms) = 3.0± 0.7
Φ: track width (bubble diameter) in chamber space,
t: growth time [ms],
fwhm: track width measured at full width half maximum,
Contrast: track width determined from contrast track (bubble) centre/background,
CC: Conventional Cameras,
HRC: High-Resolution Camera.
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Table 3: Measurements of track width
Method fwhm fwhm fwhm Contrast Contrast Contrast
Camera CC #4 CC #6 HRC CC #4 CC #6 HRC
Growth time 11 ms 11 ms 2.5 ms 11 ms 11 ms 2.5 ms
‘Early µ’
downstream 670 µm 900 µm 320 µm 340 µm 390 µm 80 µm
centre 630 µm 630 µm 260 µm 370 µm 320 µm 120 µm
upstream 720 µm 760 µm 220 µm 410 µm 350 µm 110 µm

673± 37 µm 763± 110 µm 266± 41 µm 373± 29 µm 353± 29 µm 103± 17 µm
Φ(CC)/Φ(HR) fwhm CC #4/HRC = 2.53, fwhm CC #6/HRC = 2.86,

Contrast CC #4/HRC = 3.62, Contrast CC #6/HRC = 3.43√
t(CC)/t(HRC) = 2.1, expected theoretically
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4.1.2 Bubble size from contrast
As has been shown in the 12-Foot Bubble Chamber at ANL, bubble sizes can be

estimated by measuring the ratio of the light intensity in the centre of the aerial image of
a bubble divided by the intensity in the nearby background [38, 39]. This may be used as a
measure of contrast in the aerial image; it will be denoted by Ka. The corresponding ratio
of transmissions of the developed emulsion is a measure of contrast in the photographic
image and will be denoted by Kp; this quantity is related to Ka through the characteristic
curve of the emulsion.

For unresolved bubbles in bright-field illumination with Scotchlite as a retroreflector,
the aerial image contrast Ka is equal to 1−D, where D is the intensity in the centre of the
image of an incoherently illuminated bright disc; this has been calculated as a function of
defocus, disc diameter, and lens aperture. The authors of [38] introduced three quantities:

u =
2πna2

λ
(1/`− 1/R) (5)

as a measure of defocus,

v =
2πna · η

(λ`)
(6)

as a dimensionless radial co-ordinate for distance η in the transverse plane containing the
bubble, and

v0 =
2πna · r

(λ`)
(7)

the radius of the bubble in terms of v units.
In these equations 2a is the entrance pupil diameter of the camera lens as seen from

the chamber liquid, 2r the bubble diameter, ` the distance of the bubble from the pupil,
R the in-focus distance from the pupil and n the refractive index of the liquid. These
definitions are illustrated in Fig. 18.

Entrance
   pupil In-focus

  plane
Bubble

2a 2r

R

η

Figure 18: Illustrating the symbols used; the entrance pupil as seen from the chamber
liquid through the windows.

The authors of [38] plotted Ka, the contrast or central intensity, against v0, the
bubble radius, and the result is shown in Fig. 19. If the contrast,Ka, and the defocus, u, are
known, v0 can be found. The contrast Ka is found from microdensitometer measurements
on the film, yielding Kp, and from the characteristic curve of the Kodak 2482 RAR film
used in our experiment. This is shown in Fig. 20.
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The method is then to be applied as follows: The transmissions T1 and T2 of the
film in the centre of the bubble image and in the bright-field background should be
measured, respectively. These are then plotted on the ordinate scale of Fig. 20. These
points correspond to relative exposures E1 and E2 on the abscissa scale, and the contrast
Ka is simply E1/E2. This value is then used in Fig. 19 to find the scaled radius v0 of the
bubble, choosing the appropriate defocus u, and the actual bubble radius is calculated
from v0 by means of formula (7).
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Figure 19: Contrast or central intensity Ka as a function of the rescaled bubble radius v0,
for a range of values of the defocus parameter u.

The application of this method to our experiment encounters two difficulties. Firstly,
our densitometer has no circular spot for the measurement, and, secondly, the bubble
density is so high that individual bubbles can not be identified reliably. In order to get
reasonable information of the transparency of the background in the vicinity of the bubbles
we had to rely on the measurements with the slit moving parallel to the track over the
bubble string.

Our microdensitometer measures optical densities,D, which have to be transformed
into transparencies, T , by using the relation

D = log10

(
1

T

)
. (8)

The density wedges we used were 0.056 D/cm and 0.084 D/cm on the paper recording.
The absolute calibration was done with a 1.5 D filter in the object space. An additional
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check of the transmission T was done without the film in place (perfect transmission,
T = 1), then at a region of the developed film outside the bubble chamber image (overall
fog density of the developed emulsion support, T = 0.97). These values gave the baseline
for the measurements of the background near the track, and in the centre of the track,
each for identical settings of slit height and width.
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Figure 20: The characteristic curve, transmission-exposure, for Kodak 2482 RAR emul-
sion: exposure 10−4 s, developed 8 min at 20 ◦C in D19 developer. Data by courtesy of
Argonne National Laboratory and Prof. E. Wilson Powell.

Results of the contrast method are given in Tables 2 and 3 (last 3 columns) for the
tracks at various growth times for the CC and HCR views. There is a remarkable factor of
1.8 (CC) and 3.0 (HRC) in the size using the fwhm and contrast methods. However, the
range of these factors is very similar to the ones found in [38]. Since the smaller sizes were
in better agreement with experiments done with 1 : 1 optics in the DESY bubble chamber
[34, 35], we have confidence that the presented contrast method gives the more reliable
data. The results are plotted in Fig. 21, showing three square-root time dependencies
for curves fitted through the measured values. There is no explanation for the difference
between the curves fitted through short and long time delays, since owing to the well-
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established
√
t-dependence all measured diameters should fall on one curve. These curves

indicate that the bubble size, when the hologram is taken, can be expected to be between
60 and 110 µm. There is a fairly good agreement of the time dependence in the HRC for
1.5 ms and 2.5 ms exposures, and in the CC between 10 ms and 11 ms exposures, but
the difference between the two camera sets is important. The width of the wires were also
measured by the contrast method (which is not derived for solid objects) and are shown
in Table 4.
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Figure 21: Bubble diameter as function of growth time, using the contrast method [36, 38].
Calculated square-root of time dependence, using data from early muon (11 ms), solid line;
p, µ, Vee (10 ms), dashed line; early muon (2.5 ms) and p, µ, Vee (1.5 ms), dashed-dotted
line.

Table 4: Measurements of horizontal wiresa)

Method fwhm fwhm Contrast Contrast Φ(fwhm)/ Φ(fwhm)/
Φ(Cont.) Φ(Cont.)

Camera CC #4 HRC CC #4 HRC CC #4 HRC
Thickness
300 µm 540 µm 360 µm 190 µm 160 µm 2.84 2.25
500 µm 670 µm 520 µm 360 µm 170 µm 1.86 3.06
Φ: Wire width in space [µm].
a) x-co-ordinate of measurements near event vertex.
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4.1.3 Bubble size from bubble density
The measured bubble density along a track depends upon the time of photography;

it decreases with increasing flash delay t (s). It can be reasonably assumed that coa-
lescence of bubbles is responsible for this decrease (compare Fig. 10). A simple relation
between primary bubble density N0 and the bubble radius r (cm) exists and had been
experimentally verified [36] (Fig. 22). We chose in analogy with counting losses in counter
experiments the relation

N =
N0

(1 + 2N0r)
, (9)

where N is the number of bubbles/cm at a given time t (s) (the moment of photography)
and N0 is the number of bubbles originally produced. The bubble diameter grows with

r [cm] = A [cm/s−1/2]
√
t [s] . (10)

Figure 22: Results from an unpublished propane bubble chamber experiment [36]. Mea-
sured bubble diameters (curve 1) and (curve 2) densities as a function of time delay. They
are fitted by best curves, in agreement with Eq. (9). Extrapolation to delay time zero
resulted in 180 bubbles/cm.
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From an experiment performed in the DESY 85-cm bubble chamber with a 1 : 1
magnification optic we know the value of the growth factor A for two neon/hydrogen
mixtures, one with a significantly higher and one with a somewhat lower neon concentra-
tion than the mixture ratio used in the present experiment [34] (Fig. 24). Furthermore,
we show the bubble densities [34] (Fig. 23), extrapolated to the injection time, for these
two mixtures as a function of expanded pressure. The value of the expanded pressure in
the 15-Foot Chamber is not known owing to the absence of an absolute calibration of
the dynamic pressure transducers. We make the assumption that at least the same low
minimum pressure was obtained as in the DESY chamber. The justification lies in the
fact that the smaller surface-to-volume ratio in larger chambers makes it possible to reach
lower expanded pressures due to less parasitic boiling. Consequently, a density N0

∼= 100
bubbles/cm could be assumed for our experiment in the 15-Foot Chamber.
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Figure 23: The measured growth factor A for bubbles, as defined in the (d = 2A
√
t) law,

as a function of pressure for two Ne/H2 mixtures, taken from [34].
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As is evident from the hologram [Fig. 11(c)], the fuzziness of the tracks does not
allow (reliable) bubble density measurements. We were limited in this investigation to the
two bright-field recordings. On the high-resolution film we found on the outer branch of
the Vee particle (proton) a bubble density of 52 bubbles/cm at a delay of t = 1.5 ms, and
on the early muon a density of 42 bubbles/cm at the delay of 2.5 ms. On the conventional
film we measured on the primary muon far downstream 17 bubbles/cm at t = 10 ms (all
numbers are in bubble chamber space). Figures 25, 26 and 27 show the corresponding
measured variation of the optical density when moving along the track with the micro-
densitometer slit perpendicular to the track. It is obvious from these figures that there
are large uncertainties in defining the image of a bubble. The definition of the background
level remains somewhat arbitrary due to inhomogeneity of the Scotchlite reflection. Fur-
thermore, if we apply strictly the Rayleigh criterion for the resolution of objects we have
to count overlapping images as separate bubbles. Using the latter definition we find for
the cases discussed above 70, 50, and 22 b/cm, respectively.

The bubble density at the time of the passage of the particles (time zero) must have
been the same, with the exception of the difference between their ionizing power, which
we neglect in the present context. Assuming N0

∼= 100 bubbles/cm, we use formula (9)
and the measured bubble densities to determine the bubble diameters 2r. We find the
values given in Table 5. The calculated diameters are plotted in Fig. 28.
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Figure 25: Measurement with microdensitometer on outer branch of Vee particle (proton).
Slit perpendicular to the track, slit width 30 µm. Density wedge: 0.056 D/cm. Event time
= laser time = 1.664 ms. Chamber co-ordinates of origin of Vee: x = 18 cm, y = −11 cm,
z = 9 cm. High-resolution camera. Slit height: 1 mm. Maxima assumed to be centre of
bubble image: long vertical marks: very probable, short vertical marks: less probable.

Figure 26: Measurement with microdensitometer on early muon. Slit perpendicular to the
track, slit width 20 µm. Density wedge: 0.056 D/cm. 1.089 ms before event. Chamber
co-ordinates: x = 175 cm, y = −21 cm, z = 24 cm. High-resolution camera. Slit height:
200 µm.

Figure 27: Measurement with microdensitometer on muon from primary vertex far down-
stream. Slit perpendicular to the track, slit width 20µm. Density wedge: 0.056 D/cm.
Event time = 1.664 ms. Chamber co-ordinates at exit point: x = 170 cm, y = −17 cm,
z = 32 cm. Conventional camera, view 6. Slit height: 75 µm.
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Figure 28: Bubble diameters as function of growth time, using bubble density method
[36]. The range of bubble diameters for each point results from applying or not the strict
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The values of A, evaluated from formula (10), using these calculated bubble diam-
eters are within the range covered by the DESY experiment for both the minimum and
maximum number of bubbles counted (see Fig. 24). The limits of this numerical proce-
dure are evident from the scattering of the A values, which should be identical in order
to satisfy the

√
t-law. The deviation can be explained partially by the variation of the

expanded pressure during the growth of the bubbles, which has a larger effect for longer
growth periods. The calculated values are consistently lower than the measured values of
the bubble diameters. Reasons for this are:

1) our two optics arrangements have diffraction-limited resolutions of 200 µm and
500 µm, respectively, and

2) as shown earlier, we measure systematically larger images due to the properties of
our measuring apparatus, due to the presence of small δ-electrons, and due to the
jitters of bubbles around the trajectory of the particles.

Within the given precision, taking the average of the A values, we find with our
method a bubble size of 107 (70 with strict Rayleigh criterion) µm for the hologram taken
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with 1 ms delay, albeit with large uncertainty. Figure 28 shows a range of 70 to 155 (30
to 100) µm at 1 ms.

Table 5: Measured and calculated bubble diameters using the bubble density method. Values
in parentheses result from the strict application of the Rayleigh criterion for the resolution of

overlapping objects

Photo, delay, N (µm−1) 2r (µm) 2r (µm) A (cm s−1/2)
particle Measured Measured Calculated Calculated

fwhm-method bubble density
method

High-resolution, 2.5 ms, 42 · 10−4 260 140 0.15
‘early’ muon (50 · 10−4) (100) (0.10)

High-resolution, 1.5 ms, 52 · 10−4 210 90 0.12
proton from Vee (70 · 10−4) (40) (0.06)

Hologram, 1.0 ms, 100
pion from Vee

Convent. camera, 10 ms, 17 · 10−4 600 490 0.24
primary muon (22 · 10−4) (350) (0.18)

4.1.4 Conclusions from the track size measurements

The main results of the measurements are shown in Figs. 13, 17, 21 and 28, where
only statistical errors were given. Systematic errors arise from the measuring technique,
such as the slightly imperfect parallel alignment of the slit and the track segment, partially
due to the curvature of the tracks, small δ-electrons, jitters of bubbles along the particle
trajectory, and the illumination angle. Superimposed is the effect of defocus, caused when
tracks have large dip angles or measured track segments are far away from the event vertex.
No attempt was made to correct for defocus. The overall systematic error is estimated to
be about ±10%.

The fwhm method overestimates the bubble size, but gives fairly consistent results
over the large growth interval, i.e. the measured points are all close to one

√
t-line. The

contrast method gives consistently smaller bubble sizes, but shows substantial differences
in the growth factor A (formula 10) between short and long times. The calculations
from bubble densities give values of sizes in between the two methods described above,
albeit with considerable spread. Taking the results of the three methods together one can
conclude that the diameter of bubbles at 1 ms, the time when the hologram is taken, is
probably ≤ 120 µm.

Direct measurements of the fuzzy track images in holographic replay, mainly due to
the speckle, have only limited value for our analysis of the beam branching ratio. However,
the uncertainty in the determination of track width does not diminish the usefulness of
holograms, since they allow for a good visual inspection of event vertices, of possible kinks
along a track, and for identification of secondary vertices within a volume much larger
than obtainable with high-resolution optics.
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5 THE BEAM BRANCHING RATIO
The resolution of the holographic images is affected by a combination of aberrations

originating from the recording and reconstruction processes. Aberrations are due to the
differences in wave front between the reconstructing illumination beam and the recording
reference beam, and film limitations such as shrinkage and imperfections of the emulsion.
Aberrations due to a difference in wave front between the illumination beam and the ref-
erence beam consist partly of geometrical aberrations introduced by the fish-eye windows.
A difference in wave front between illumination and reference beam is also introduced by
any source of scattering near the dispersing lens, mainly from the micro-boiling.

The resolution can only be measured for the combined holographic system. The
performance of both the recording and replay devices is important. The measurement of
the resolution is made during tests in the open (i.e. air-filled) bubble chamber with a 1951
USAF (United States Air Force) bar target placed at the centre of the bubble chamber
approximately 2 m away from the holographic film plane. The smallest possible separation
of lines was visually determined to be ∼ 157 µm at the FNAL replay machine [26].

An interesting characteristic of the holographic system is the size of the visible
volume. This depends strongly on the BBR of the bubbles, and thus on their diameter or
growth time. Taking the various geometric factors into account and using the predicted
events from the conventional film and the events found in holograms, it was determined
to be 1.4 m3.

Figure 29 shows a scatter plot of the position of the events within the (zhol, Rhol)
plane. An important quantity in the design of the dispersing lens, and ultimately for the
quality of the holograms and the size of the visible volume, is the minimum-detectable
BBR [Eq. (2)]. The position of the event vertex allows the calculation of the geometrical
quantities di, dh, α and Θh. Since only the events for which the bubble had a growth time
of 1 ms are retained, the corresponding bubble diameter is estimated at a nominal value
of 110 µm.

Figure 29: Scatter plot of the event vertices within the scanned holographic volume.
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The design values from F (Θi) and Ir are used under the assumption of a uniform
laser light intensity distribution. For the light scattering function G(α), the theoretical
estimates are used.

Systematic uncertainties in the determination of the BBR originate mainly from two
sources: the non-uniformity of the laser light intensity profile at the dispersing lens and
the change in bubble chamber conditions during the recording of holograms. Although
the absolute incident intensity value does not affect the BBR, differences between the
intensity at the centre of the lens, where the reference beam is generated, and at the
portion generating the illumination for a bubble do change the BBR. The spatial variation
in light intensity across the entrance at the dispersing lens can be calculated from the
beam profile data stored on the EMI tapes. The variation is typically 25% around the
mean value. A change in bubble chamber conditions results in a variation of the bubble
radius r. A conservative estimate of the overall variation ∆r, based on the change in
expanded pressure, is 5 µm, i.e. 8.5%. The total systematic error on the BBR is therefore
estimated at ±39% of its nominal value. This range corresponds to an error of ±0.18 in
log10 BBR.

Table 6 displays the event reconstruction efficiency of the replay devices as a func-
tion of various ranges in log10 BBR. The size of these intervals is determined by the
systematic error on the BBR. In the interval of BBR between 0.44 × 10−6 to 10−6, i.e.
−6.36 ≤ log10 BBR ≤ −6, the event reconstruction efficiencies are approximately equal
for HOLRED, the FNAL, and HAM replay machines. The reconstruction efficiency for
the Hawaii device is significantly lower in this interval. This can be partly explained by
the lower average exposure or underexposure of the holograms analysed with the Hawaii
machine.

Table 6: Event reconstruction efficiency as a function of BBR for the various replay devices

Optical reconstruction efficiencies
BBR log10 BBR HOLRED Hawaii FNAL HAM All

[25] [24] [26] [27]
0.54 · 10−7

[−7.27,−7.07] 0.33± 0.05 0.07± 0.03 0.58± 0.04 0.27± 0.11 0.35± 0.03
0.84 · 10−7

[−7.07,−6.71] 0.56± 0.04 0.26± 0.04 0.70± 0.03 0.40± 0.08 0.53± 0.02
1.94 · 10−7

[−6.71,−6.36] 0.71± 0.05 0.55± 0.07 0.86± 0.03 0.55± 0.11 0.73± 0.03
4.37 · 10−7

[−6.36,−6.00] 0.81± 0.08 0.53± 0.12 0.89± 0.06 0.88± 0.08 0.79± 0.04
10 · 10−7

For a well-tuned machine, BBR down to (0.13± 0.05)× 10−6 can be detected with
an efficiency of at least 70%.

The dispersing lens is optimized in the assumption of a minimum-detectable BBR of
0.33×10−7. The sample of 656 visible events has a minimum BBR of (0.54±0.21)×10−7,
which is also the theoretical minimum value imposed by the holographic fiducial volume
cuts. This limit is reached by the FNAL machine and HOLRED. The minimum-detected
BBRs for the Hawaii and HAM machines are very close to the latter value, namely (0.56±
0.22)×10−7 and (0.60±0.23)×10−7, respectively. Within the large systematic errors, these
values include the BBR limit implied by the cuts on the holographic volume. The optical
reconstruction efficiency for event vertices with a BBR within the interval 0.54 × 10−7
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to 0.85 × 10−7 is still close to 60% for the FNAL replay machine. The various labs were
probably limited by BBR′ and not BBR so that they all were really close to the minimum
visibility.

6 SUMMARY
About 220 000 holograms were recorded during the 1987/88 fixed-target run at

the Fermilab 15-Foot Bubble Chamber. Approximately half of these were judged to have
sufficient track quality for further physics analysis. Known adverse effects which lead to
the loss of events are: instabilities of the holographic recording system and the operating
conditions of the bubble chamber, delays due to the changing of the operating temperature
of the almost 20 tons of cryogenic liquid, unstable start-up conditions of the chamber
after extended scheduled standby periods, a too early laser pulse, low BBR, over- and
underexposure of the holograms, event vertex too close to the reference beam, and laser-
induced boiling.

The two-track or optical resolution of the holographic system, i.e. the combination of
the recordings system and the FNAL replay device, was visually determined at∼ 160 µm
in air. In terms of the bubble chamber definition for resolution, this amounts to∼ 80 µm.
Bubbles with diameter of the order of 120 µm were seen with good contrast and brightness.

Micro-boiling is a major source of background light. It was therefore expected to
have a substantial influence on the minimum BBR of the event vertices, and thus also on
the holographic volume in which events were seen.

A selected sample of 3552 conventional pictures, predicted to contain at least one
neutrino-induced event in the corresponding hologram within a volume of about 4.2 m3,
has been examined. For 42% of the conventional pictures the predicted event was indeed
found in the hologram. If the event was required to be flagged by the event trigger, then
the fraction increased to 55%. Approximately 12% of the events were therefore lost due
to improper timing of the laser pulse. The events, consisting of bubbles with diameter of
∼ 120 µm or a growth time of 1 ms, were located within a volume of 1.4 m3.

The optical reconstruction efficiency for event vertices with BBR’s larger than
(0.13± 0.05)× 10−6 was shown to exceed 70% for well-tuned holographic replay devices.
Within the selected holographic fiducial volume of 4.2 m3, the lowest detected BBR was
(0.54 ± 0.21) × 10−7, which is the lowest possible value within that volume. The optical
reconstruction efficiency for that BBR was ≤ 58%. Of the various known sources (bub-
ble movement, bubble growth, chamber vibrations, laser-induced boiling, and multiple
reflections) which increase the minimum-detectable BBR, laser-induced boiling near the
dispersing lens was the most likely one.
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